Cardiovascular diseases remain the leading cause of death in the United States. Two factors associated with a decreased risk of developing cardiovascular disease are elevated HDL levels and sexspecifically, a decreased risk is found in premenopausal women. HDL and estrogen stimulate eNOS and the production of nitric oxide, which has numerous protective effects in the vascular system including vasodilation, antiadhesion, and anti-inflammatory effects. We tested the hypothesis that HDL binds to its receptor, scavenger receptor class B type I (SR-BI), and delivers estrogen to eNOS, thereby stimulating the enzyme. HDL isolated from women stimulated eNOS, whereas HDL isolated from men had minimal activity. Studies with ovariectomized and ovariectomized/estrogen replacement mouse models demonstrated that HDL-associated estradiol stimulation of eNOS is SR-BI dependent. Furthermore, female HDL, but not male HDL, promoted the relaxation of muscle strips isolated from C57BL/6 mice but not SR-BI null mice. Finally, HDL isolated from premenopausal women or postmenopausal women receiving estradiol replacement therapy stimulated eNOS, whereas HDL isolated from postmenopausal women did not stimulate eNOS. We conclude that HDL-associated estrodial is capable of the stimulating eNOS. These studies establish a new paradigm for examining the cardiovascular effects of HDL and estrogen.
Introduction
The development of cardiovascular diseases is a multifactorial process that is influenced by both genetic and environmental factors. Two factors that modulate the development of cardiovascular diseases are HDL and estradiol (1) (2) (3) . Both HDL and estradiol can promote the stimulation of eNOS and the subsequent generation of nitric oxide (4) (5) (6) (7) (8) . Nitric oxide is a critical player in the physiology and pathophysiology of the vascular system and is thought to be involved in preventing the oxidation of lipoproteins (9) , preventing the adhesion of monocytes to the endothelium (10, 11) , downregulating inflammatory mediators (10, 11) , and promoting vessel vasodilation (12, 13) . Our current studies have focused on how HDL and estradiol interact to stimulate endothelial nitric oxide synthase and the generation of nitric oxide.
Numerous studies have demonstrated that HDL is cardioprotective and lowers the risk of developing cardiovascular disease (14) (15) (16) . A large part of the protective effects of HDL is thought to be due to the role HDL plays in reverse cholesterol transport (17, 18) . HDL can lower total plasma cholesterol levels by transporting cholesterol from the peripheral tissues to the liver. HDL binds to a receptor called scavenger receptor class B type I (SR-BI) in the liver and subsequently delivers the sterol to hepatocytes for excretion as bile or recycling into other lipoprotein particles (19, 20) . Our previous studies demonstrated that SR-BI was also expressed in endothelial cells and localized to plasma membrane caveolae (5, 21) . This led to the concept that HDL and SR-BI also may affect the vascular system independently of their role in decreasing plasma cholesterol. In a series of studies, we demonstrated that HDL, in a SR-BI dependent manner, could protect caveolae from the loss of cholesterol (21) and that HDL can promote the stimulation of caveola-localized eNOS by a mechanism involving ceramide (5) . Independent work by Yuhanna et al. (4) demonstrated that HDL could promote the activation of eNOS and vessel dilation in an SR-BI-dependent manner.
Premenopausal women have a lower risk of developing cardiovascular disease than similarly aged men (22) (23) (24) . The mechanism(s) that afford women protection from cardiovascular disease are not understood, although a considerable amount of research has focused on the role of estradiol in mediating some of the protection. Even though the utility of estradiol replacement therapy in treating cardiovascular disease is controversial, many mechanistic studies have demonstrated an important role for estradiol in the normal physiology of the vascular system (2, 25, 26) . Relevant to our current study, estradiol stimulates eNOS and increases the production of nitric oxide independently of nuclear events (7, 27, 28) . Chambliss et al. (7) demonstrated that estrogen receptors were localized to plasma membrane caveolae and that the addition of exogenous estradiol could stimulate eNOS. In addition, Haynes et al. (29) demonstrated that estrogen activates akt kinase, which subsequently phosphorylates and activates eNOS. The difficulties with previous studies arise in demonstrating specificity and physiological relevance, because the effects of estradiol on eNOS activity are usually determined by adding pharmacological doses of estradiol to cells in culture, using BSA as a carrier. The physiological carrier in the plasma that is responsible for the delivery of estradiol to eNOS has not been elucidated.
SR-BI and eNOS are both localized to caveolae in endothelial cells (5, 21) , and SR-BI is known to facilitate the uptake of sterols into cells (19, 20) . Therefore, we hypothesized that estradiol associated with plasma HDL is targeted to eNOS by the interaction of HDL with SR-BI in caveolae. The data demonstrate that estradiol associated with HDL stimulates eNOS and vessel relaxation.
Methods
Materials. M199, basal medium Eagle vitamin mix, fetal bovine serum, glutamine, trypsin-EDTA, and penicillin/streptomycin were from Life Technologies, Inc. (Grand Island, New York, USA). [ 3 H]arginine (specific activity, 51 Ci/mmol) was from New England Nuclear (Boston, Massachusetts, USA). Bradford reagent was purchased from BioRad (Hercules, California, USA). The mouse feed was obtained from Harlan Tekland (Madison, Wisconsin, USA). Dowex AG50WX-8 and Celite 545 were from Sigma-Aldrich (St. Louis, Missouri, USA). The Ultra-Sensitive Estradiol RIA kit was from Diagnostic System Laboratories Inc. (Webster, Texas, USA). Human serum was obtained from the American Red Cross (Lexington, Kentucky, USA). Quality Control Biochemicals (St. Louis, Missouri, USA) generated the custom-made SR-BI blocking antibody (5).
[ 125 I]Na (1 mCi/ml) and [2, 4, 6, H]estradiol (87 Ci/mmol) were purchased from New England Nuclear.
Cell culture. Human microvascular endothelial cells (CDC.EU/HMEC-1 from the National Center for Infectious Diseases) were cultured in M199 medium supplemented with 100 U/ml penicillin/streptomycin, 0.5% (v/v) L-glutamine, BME vitamin mix (1 ml/100 ml M199), BME amino acid mix (1 ml/100 ml M199), and 10% (v/v) fetal bovine serum. On day 0, 5,000 cells were placed into 12-well plates and used on day 3 at approximately 60% confluency.
Activation of NOS in intact cells. NOS activation was determined in intact cells as previously described (21, 30) . Briefly, the cells were plated into 12-well plates at 5,000 cells per well and grown to 60% confluency. The medium was replaced with serum-free medium for 16 hours and the cells then placed for 2 hours in phosphate-buffered saline at 37°C. After the preincubation period, the PBS was removed from the wells and replaced with 400 µl of PBS containing 0.75 µCi/ml [ 3 H]L-arginine. The cells were incubated at 37°C for 15 minutes with the indicated treatments. The NOS reaction was terminated by adding 500 µl of ice-cold 1 N trichloroacetic acid (TCA) to each well. The cells were freeze-fractured twice in liquid nitrogen for 2 minutes with thawing at 37°C for 5 minutes and scraped with a rubber spatula. The contents of each well were transferred to ice-cold glass test tubes. Ether extraction was performed three times with water-saturated ether to remove the TCA. The samples were neutralized with 1.5 ml of 25 mM HEPES (pH 8) applied to Dowex AG50WX-8 (Tris form) columns and eluted with 1 ml of 40 mM HEPES buffer (pH 5.5) containing 2 mM EDTA and 2 mM EGTA. Lipoproteins. VLDL (density, less than 1.006 g/ml), LDL (density, 1.019-1.05 g/ml), and HDL (density, 1.063-1.21 g/ml) were isolated from human or mouse plasma by sequential density gradient ultracentrifugation as described (31) . SDS-PAGE and Coomassie staining were used to assay the purity of each lipoprotein fraction. HDL, LDL, and BSA were loaded with estradiol by a method similar to that used to label HDL with cholesteryl ester (32) . In brief, estradiol (1-50 mg) was dried onto 100 mg of Celite 545 and then incubated with purified HDL, LDL, or BSA for 18 hours at 37°C. At the end of the incubation, Celite was removed by centrifugation through 0.02 µm filters. The HDL, LDL, and BSA were then reisolated by ultracentrifugation to ensure that unincorporated estradiol was removed. Control HDL, LDL, and BSA were treated identically, with the exception that estradiol was not added to the Celite. HDL was labeled with 125 I as described (33) .
Estradiol quantification. The amount of estradiol associated with HDL, LDL, or BSA was determined by first extracting lipids by solid-phase extraction using an Oasis HLB glass cartridge (Waters, Milford, Massachusetts, USA). The sample was diluted 1:1 (v/v) with glacial acetic acid and applied to the column. The column was washed with 40% methanol in water and the lipid eluted with 10% methyl butyl ether. The amount of estradiol in the eluent was quantified by radioimmunoassay using a commercially available kit (UltraSensitive Estradiol RIA) according to the manufacturer's instructions. Control experiments confirmed the linearity of the assay between the range of 4 pg/200 µl and 150 pg/200 µl.
Hormone replacement. Eight-week-old mice (C57BL/6) were ovariectomized to eliminate endogenous ovarian steroids (34) . Both female and male mice were then implanted subcutaneously with a Silastic capsule (inner/outer diameter, 0.062 in/0.125 in; volume, 0.035 ml) containing 17-β-estradiol (180 µg/ml) in sesame oil. The Silastic capsules consistently releases hormone over 10 days, producing stable plasma levels of 17-β-estradiol (31 ± 13 pg/ml) (34) . Age-and sex-matched animals were used throughout the studies.
Arterial relaxation studies. The direct relaxation effect of HDL on arterial vessels was evaluated in mice spiral femoral artery strips (150 µm in width, 3 mm in length, and about 30-40 µm in thickness). Femoral arteries were removed from 3-month-old male C57BL/6 or SR-BI null mice. Isometric tension was measured at 24°C with a force transducer as previously described (35) . After equilibration and submaximal precontraction with 5-hydroxytryptamine (30 nM), relaxation to 1 µM acetylcholine was tested to confirm the integrity of the endothelium. After washing, the strips were again contracted with 5-hydroxytryptamine, and the effects of HDL were assessed. At the completion of the experiment, the relaxation response to acetylcholine was confirmed. In experiments in which the endothelium was denuded, the integrity of the smooth muscle was confirmed by normal amplitude of contraction to endothelin and normal amplitude of relaxation to sodium nitroprusside.
Results

Female HDL but not male HDL stimulates eNOS.
To determine if female and male HDL had a different capacity to stimulate eNOS, we isolated HDL, LDL, and VLDL from male and female human serum and from male and female mouse serum (31) . We then used our established human microvascular endothelial (HME) cell system to assay the ability of the isolated lipoproteins to stimulate eNOS in live, intact cells (5, 21) . HME cells were incubated with 0.75 µCi/ml of [ 3 H]arginine to label the intracellular arginine pool. Without removal of the radiolabel, the cells were then incubated with buffer only or 10 µg/ml of HDL, LDL, or VLDL for 15 minutes at 37°C. In addition, another set of cells was treated with 1 µg/ml of ionomycin, a calcium ionophore, to determine maximal eNOS stimulation. The cells were then processed to quantify the amount of HDL isolated from female subjects stimulates the production of nitric oxide. HDL, LDL, and VLDL were isolated from young, reproductively competent female humans (a) and mice (b) and age-matched male humans (a) and mice (b) (31) . The freshly isolated lipoproteins (10 µg/ml) were incubated with human microvascular endothelial cells that had been prelabeled with 0.75 µCi/ml of [ 3 H]arginine for 15 minutes at 37°C (21) . An additional set of cells was treated with 1 µg/ml of ionomycin to determine the maximal eNOS stimulation. The cells were then washed, lysed, and extracted, and radiolabeled arginine was separated from radiolabeled citrulline using an ionexchange column. Each experiment included controls, using 1 mM L-NNA to demonstrate that over 99% of the generated citrulline was due to eNOS activity (data not shown). In (c), a concentration curve of the effect of female HDL on eNOS activity is shown. The data are from six to eight independent experiments, with triplicate measurements in each experiment (mean ± SE).
activity (data not shown). HDL (10 µg/ml) isolated from women ( Figure 1a ) and female mice (Figure 1b ) stimulated eNOS to the same extent as ionomycin. Maximal stimulation of eNOS was achieved with 1 µg/ml of HDL (Figure 1c ). In contrast, HDL isolated from both men and male mice only weakly stimulated eNOS. The LDL and VLDL lipoprotein fractions isolated from both species and sexes did not stimulate eNOS. Even at high concentrations (500 µg/ml), male HDL or the LDL and VLDL fractions were unable to stimulate eNOS (data not shown).
The stimulation of eNOS by female HDL requires SR-BI. To determine if the ability of female HDL to stimulate eNOS activity was dependent on SR-BI, we used SR-BI blocking antibodies and HME cells as we have done previously (21) . HME cells were pretreated with buffer only, 50 µg/ml of blocking SR-BI IgG, or 50 µg/ml isotype-matched nonspecific IgG for 15 minutes at 37°C. The cells were then incubated with 0.75 µCi/ml of [ 3 H]arginine and 10 µg/ml of female HDL for 15 minutes at 37°C. In addition, another set of cells was treated with 1 µg/ml of ionomycin to determine maximal eNOS stimulation. Figure 2a demonstrates that female HDL stimulated eNOS in cells pretreated with buffer or nonspecific IgG. In contrast, cells pretreated with blocking SR-BI IgG did not increase eNOS activity in response to the addition of female HDL. To further ensure that the stimulation of eNOS required the association of female HDL with SR-BI, we used male HDL in a standard competition experiment. HME cells were incubated with 0.75 µCi/ml of [ 3 H]arginine, 10 µg/ml of female HDL, and increasing amounts of male HDL. Figure 2b demonstrates that excess male HDL was able to compete for the ability of female HDL to stimulate eNOS activity. Male and female HDL did not affect ionomycin-induced eNOS activity (data not shown).
HDL-associated estradiol is responsible for eNOS stimulation. We hypothesized that estradiol associated with female HDL may be responsible for the stimulation of eNOS. To test this possibility, we quantified (34) the amount of estradiol associated with HDL isolated from men and women. Table 1 demonstrates that HDL isolated from women or female mice contained estradiol, whereas HDL isolated from men or male mice did not contain detectable amounts of estradiol. To determine if HDL-associated estradiol was responsible for the ability of female HDL to stimulate eNOS, we isolated HDL from C57BL/6 female mice that were intact, had their ovaries removed, or had their ovaries removed and a 17-β-estradiol pellet implanted to deliver physiological levels of estradiol (34) . Intact animals had plasma estradiol levels of 29 ± 12 pg/ml, ovariectomized animals had plasma estradiol levels of less than 5 pg/ml (the detection limit is approximately 5 pg/ml), and
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Figure 2
The ability of female HDL to stimulate eNOS requires binding to SR-BI.
(a) Human microvascular endothelial cells were pretreated with buffer only, 50 µg/ml of blocking SR-BI IgG, or 50 µg/ml isotypematched nonspecific IgG for 15 minutes at 37°C. The cells were then incubated with 0.75 µCi/ml of [ 3 H]arginine and 10 µg/ml of female HDL or 1 µg/ml of ionomycin for 15 minutes at 37°C. The cells were processed to quantify the amount of citrulline generated. Each experiment included controls, using 1 mM L-NNA to demonstrate that over 99% of the generated citrulline was due to eNOS activity (data not shown). The data are from six independent experiments, with triplicate measurements in each experiment (mean ± SE). (b) Human microvascular endothelial cells were pretreated with 0.75 µCi/ml of [ 3 H]arginine and then incubated with 10 µg/ml of female HDL or increasing concentrations of male HDL for 15 minutes. The amount of citrulline generated was then quantified. Each experiment included controls, using 1 mM L-NNA to demonstrate that over 99% of the generated citrulline was due to eNOS activity (data not shown). The data are from six independent experiments, with triplicate measurements in each experiment (mean ± SE). ovariectomized animals containing an estradiol pellet had plasma estradiol levels of 31 ± 13 pg/ml. Importantly, estradiol could not be detected in HDL isolated from ovariectomized animals, whereas HDL isolated from ovariectomized animals receiving estradiol had levels similar to those of intact animals ( Table 1) . Determination of the ability of these HDLs to stimulate eNOS in HME cells was performed as described above. HDL isolated from intact mice stimulated eNOS to the same extent as the ionomycin control (Figure 3a) . In contrast, HDL isolated from ovariectomized animals did not stimulate eNOS. The restoration of plasma and HDL estradiol levels in ovariectomized animals with an estradiol pellet restored the ability of isolated HDL to stimulate eNOS. The ovariectomy studies strongly suggested that the estradiol associated with HDL was responsible for the stimulation of eNOS. To further test this possibility, male mice were implanted with estradiol pellets to increase the plasma level of estradiol to that of female mice (35 ± 9 for male mice versus 29 ± 12 pg/ml for female mice). HDL isolated from these mice stimulated eNOS nearly as well as HDL isolated from intact female mice (Figure 3a) . In addition, when HDL isolated from untreated male mice was enriched with estradiol in vitro, this HDL maximally stimulated eNOS (Figure 3a) , further suggesting that estradiol is the HDL component responsible for the activation of eNOS. In contrast, LDL and BSA enriched with comparable amounts of estradiol did not stimulate eNOS, indicating that estradiol needed to be associated with HDL to stimulate eNOS (Figure 3a) . For all of the in vitro studies, the HDL, LDL, or BSA was reisolated after enriching in estradiol, and the amount of estradiol associated was quantified ( Table 1 ). The nonactive stereoisomer of 17-β-estradiol, 17-α-estradiol, did not stimulate eNOS under any conditions tested (data not shown), further suggesting that activation was due to 17-β-estradiol and not some other HDL component. To further ensure that estradiol was the component of HDL responsible for eNOS stimulation, the ability of these HDLs to stimulate eNOS in HME cells was determined in the presence of the pure estrogen receptor antagonist ICI 182,780 (10 µM) (36). The estrogen receptor antagonist did not affect ionomycin-mediated eNOS stimulation but completely inhibited HDL-mediated stimulation of eNOS ( Figure  3b) , further implicating estradiol.
The data suggest that HDL delivers estradiol to the cells in an SR-BI-dependent manner, which subsequently stimulates eNOS. To determine if HDL is capable of delivering estradiol to the cells, we labeled male HDL with 125 I (labels the protein) and [ 3 H]estradiol. Various concentrations of this double-radiolabeled HDL were then incubated with human microvascular endothelial cells for 15 minutes and processed to determine the amount of 125 I and 3 H associated with the cells. Table 2 demonstrates that 125 I-labeled HDL associated with the cells and that the association was linear with respect to the concentration of HDL. In contrast, the amount of [ 3 H]estradiol associated with the cells increased rapidly and was not linear with respect to the concentration of HDL. Importantly, the SR-BI blocking antibody prevented the association of both 125 I and 3 H with the cells. These data are similar to those seen when measuring the selective uptake of cholesteryl ester from HDL particles -namely, the amount of radiolabeled sterol associated with cells is much greater than can be accounted for by the association of HDL particles with SR-BI on the cell surface (37) . These data demonstrate that even at low concentrations of HDL, enough HDL can associate with SR-BI to deliver estradiol to the cells.
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Figure 3
HDL-associated estradiol is responsible for eNOS stimulation. (a) HDL was isolated from female C57BL/6 mice that had intact ovaries (Intact), had the ovaries removed (OVX), or had the ovaries removed and a 17-β-estradiol pellet implanted (OVX + E2). HDL was also isolated from male age-matched C57BL/6 mice that had a 17-β-estradiol pellet implanted (Male + E2). In addition, HDL from control male mice was isolated and enriched with 17-β-estradiol in vitro (Male HDL + E2). LDL from female mice (LDL + E2) and BSA (BSA + E2) were also enriched with 17-β-estradiol in vitro. The in vitro-modified HDL, LDL, and BSA were reisolated, and the amount of estradiol associated was quantified before use (see Methods). Human microvascular endothelial cells were pretreated with 0.75 µCi/ml of [ 3 H]arginine, followed by treatment with 10 µg/ml of each sample or 1 µg/ml of ionomycin for 15 minutes at 37°C. The cells were then processed to quantify the amount of citrulline generated. Each experiment included controls, using 1 mM L-NNA to demonstrate that over 99% of the generated citrulline was due to eNOS activity (data not shown). The data are from eight independent experiments, with triplicate measurements in each experiment (mean ± SE). (b) The same assay as described above was used, with the exception that 10 µM of ICI 182,780 was added to each of the reactions. The data are from four independent experiments, with triplicate measurements in each experiment (mean ± SE).
Female HDL promotes vessel relaxation. The data presented thus far demonstrate that HDL-associated estradiol promotes the stimulation of eNOS in human microvascular endothelial cells in an SR-BI-dependent manner. We next determined if the differential effects of female and male HDL on eNOS activity translated into the ability of these HDLs to stimulate relaxation of the femoral artery. Arteries from C57BL/6 mice were obtained and processed to measure the degree of relaxation (35) . The vessels were precontracted with 30 nM 5-hydroxytryptamine and then incubated with various concentrations of HDL isolated from female ( Figure 4a , representative trace) and male (Figure 4b, representative trace) mice. Approximately 0.015 pg of estradiol was associated with 1 µg of female HDL as determined by a radioimmunoassay (34) , whereas estradiol associated with male HDL was not detectable. HDL isolated from female mice caused a dose-dependent relaxation of the vessel with a maximal response at 1 µg/ml of HDL. Acetylcholine (1 µM) induced the same extent of relaxation as 1 µg/ml of HDL (data not shown and Figure 5a ). In contrast, HDL isolated from males did not promote significant relaxation, even when used at a 10-fold higher concentration than HDL isolated from females (Figure 4b ). Figure 4c is the quantification of vessel relaxation from all of the animals and individual muscle strips. The inclusion of 1 mM L-NNA, an eNOS inhibitor, in the relaxation assay inhibited the ability of acetylcholine or female HDL to induce maximal relaxation (data not shown).
We next used femoral arteries isolated from C57BL/6 mice (wild type) and SR-BI null mice to determine if female HDL was indeed inducing vasorelaxation in an SR-BI-dependent manner. Acetylcholine (1 µM) induced similar relaxation in arteries isolated from C57BL/6 and SR-BI null mice ( Figure 5 ). In contrast, HDL isolated from female mice did not relax the arteries isolated from SR-BI null mice, although the same HDL preparation induced relaxation in arteries isolated from C57BL/6 mice ( Figure 5a ). These data demonstrate that female HDL requires the presence of SR-BI to induce relaxation of isolated femoral arteries. Finally, we denuded the femoral arteries isolated from C57BL/6 mice of endothelial cells to determine if the relaxation was
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The Male HDL was labeled as described in the Methods. The HDL was added to human microvascular endothelial cells for 15 minutes at 37°C. Where indicated, 50 µg/ml of blocking SR-BI IgG was also added. The cells were washed four times in PBS, and the amount of 125 I and 3 H associated with the cells was determined. Each value represents four independent experiments, with triplicate measurements in each experiment (mean ± SE). DPM, disintegrations per minute.
Figure 4
Female HDL but not male HDL potently relaxes arterial contraction. Femoral artery strips from wild-type C57BL/6 mice were precontracted with 30 nM 5-hydroxytryptamine (5-HT), and cumulative concentrations of HDL, isolated from female (a) or male (b) mice, were added (indicated by arrow). In each single strip, HDL purified from both female and male mice was tested. The order of application of the female HDL versus the male HDL did not affect the results. Note that addition of 1 µM acetylcholine (ACh) caused normal relaxation in the same muscle strip in which the HDL purified from male mice did not cause detectable relaxation. (c) Quantification of the extent of relaxation caused by HDL purified from female or male mice. Six muscle strips from three mice were used. endothelium dependent. Both acetylcholine and female HDL induced relaxation on arteries containing an intact endothelium (Figure 5b ). In contrast, arteries that did not have an intact endothelium did not respond to acetylcholine or female HDL (Figure  5b) , demonstrating that the relaxation is endothelium dependent. In addition, the inclusion of 1 mM L-NNA, an eNOS inhibitor, in the relaxation assay inhibited the ability of acetylcholine or female HDL to induce maximal relaxation (data not shown).
Estrogen replacement therapy restores the capability of HDL to stimulate eNOS. The above data were generated with HDL isolated from reproductive-competent mice and humans. If our overall hypothesis is correct, then HDL isolated from postmenopausal women should not stimulate eNOS, and HDL isolated from postmenopausal women receiving estrogen replacement therapy should stimulate eNOS. To test this, we isolated HDL from five premenopausal women, five postmenopausal women, and five postmenopausal women receiving estrogen replacement therapy. The HDLs were then used in our HME, live-cell eNOS assay system as described above. The HDL isolated from premenopausal women stimulated eNOS to the same extent as the ionomycin control ( Figure 6 ). In contrast, HDL isolated from postmenopausal women did not substantially stimulate eNOS (Figure 6 ). Finally, HDL isolated from postmenopausal women receiving estrogen replacement therapy stimulated eNOS, although the variability in the data was greater than that for premenopausal women (Figure 6 ).
Discussion
The current data are the first to our knowledge to demonstrate that female HDL but not male HDL isolated from either mice or humans will stimulate eNOS and promote the relaxation of femoral artery strips. Furthermore, we demonstrated that the mechanism of HDL-induced stimulation of eNOS is due to estradiol associated with the lipoprotein. Importantly, the female mouse HDL used in these studies contained only approximately 0.015 pg of estradiol per microgram of HDL, which is a concentration of estradiol that is within physiological plasma levels. These studies illustrate that male and female HDLs are not interchangeable and that future mechanistic studies involving HDL will need to distinguish between male and female HDL. In addition, the data suggest that HDL has a more active role in regulating the cardiovascular system than previously appreciated. The data demonstrate that HDL and the associated estradiol bind to a specific receptor, SR-BI, and generate a signal that stimulates the production of nitric oxide, thereby outlining a novel mechanism that links plasma lipoprotein levels to endothelial function and ultimately to cardiovascular disease. Yuhanna et al. (4) have demonstrated that HDL will stimulate eNOS; however, significantly higher concentrations of HDL were required than used in the present studies. One possible reason for this difference in the amount of HDL required for eNOS stimulation may be because they used male or a combination of male and female HDL. Our data demonstrate that male HDL can Endothelium-intact femoral artery strips isolated from C57BL/6 or SR-BI null mice were precontracted with 30 nM 5-hydroxytryptamine. Acetylcholine (1 µM) or 10 µg/ml HDL purified from female mice was then added to the tissue bath, and the extent of relaxation was measured. Six muscle strips were used for each group. Black bars represent C57BL/6 mice and white bars SR-BI null mice. (b) Endothelium-intact or endothelium-denuded femoral artery strips isolated from control C57BL/6 mice were precontracted with 30 nM 5-hydroxytryptamine. Acetylcholine (1 µM) or 10 µg/ml HDL purified from female mice was then added to the tissue bath, and the extent of relaxation was measured. Three to six muscle strips were used for each group. Black bars represent endothelium intact and white bars endothelium denuded.
Figure 6
HDL isolated from women receiving estrogen replacement therapy stimulates nitric oxide generation. HDL was isolated from five premenopausal women, five postmenopausal women, and five postmenopausal women on estradiol replacement therapy. Human microvascular endothelial cells were pretreated with 0.75 µCi/ml of [ 3 H]arginine and then incubated with 10 µg/ml of the above HDL for 15 minutes. The amount of citrulline generated was then quantified. Each experiment included controls, using 1 mM L-NNA to demonstrate that over 99% of the generated citrulline was due to eNOS activity (data not shown). The data for each HDL are shown, and each value is the average of six measurements.
prevent the stimulating effect of female HDL on eNOS, apparently by competing for binding to SR-BI. Importantly, male HDL enriched with estradiol, either in vivo or in vitro, stimulated eNOS, which suggests that male HDL does not have an endogenous inhibitor of eNOS or that some component of female HDL, other than estradiol, is responsible for eNOS stimulation. Another important observation was that only HDL-associated estradiol stimulated eNOS; LDL-and BSA-associated estradiol was unable to stimulate eNOS. This latter point is consistent with our hypothesis that HDL binding to SR-BI targets the delivery of estradiol to eNOS.
Work by Chambliss et al. (7) demonstrated that estrogen receptors are found associated with caveolae and that interaction of estrogen with its receptor resulted in the stimulation of eNOS. Importantly, these studies were done with isolated plasma membranes and isolated caveolae, which precludes the possibility of a transcriptional activation mechanism. Our current data are consistent with a nontranscriptional eNOS activation mechanism, because maximal eNOS stimulation occurs within 1 minute and is rapidly reversed. However, it is unclear how estradiol and estrogen receptor interactions stimulate eNOS. Haynes et al. (29) have demonstrated that estradiol can stimulate akt kinase, which can subsequently phosphorylate and stimulate eNOS; however, it has not been demonstrated that estrogen receptors mediate akt kinase activation. Alternatively, our laboratory has demonstrated that HDL-SR-BI interactions will stimulate eNOS by increasing intracellular ceramide (5) . Although it is tempting to speculate that HDL-associated estradiol stimulates ceramide production in an estrogen receptor-dependent manner, this has not been demonstrated. Dissecting the exact mechanism(s) responsible for HDL-associated estradiol to stimulate eNOS will require extensive additional studies and may provide a new paradigm for examining the cardioprotective effects of HDL.
One of the interesting aspects of the current studies is that HDL-associated estradiol stimulates eNOS in an SR-BI-dependent manner at a concentration of HDL that is below the apparent K d of HDL binding to SR-BI. However, the data demonstrate that female HDL stimulates eNOS and muscle relaxation in a concentrationand SR-BI-dependent manner. Liu and Krieger (37) recently demonstrated that the K d for HDL binding to SR-BI was approximately 11 µg of protein per milliliter; however, they demonstrated that the "uptake maximum" for cholesteryl ester was only about 106 ng of protein per assay. These data suggest that only a fraction of the SR-BI needs be bound to HDL to achieve the maximum uptake of cholesteryl ester. Our data are consistent with these findings. In addition, we (5, 21, 38) and others (4) have demonstrated that SR-BI is highly enriched in caveolae in endothelial cells, and it is possible that HDL-SR-BI interactions in caveolae may differ from receptors not associated with caveolae. For instance, caveolae can invaginate or vesiculate (39), which would have the net result of decreasing the volume associated with the HDL-SR-BI interaction. This putative mechanism would thereby increase the effective local concentration of HDL and may well bring it close to the apparent K d . SR-BI, estrogen receptors, and eNOS are all localized to endothelial caveolae (40) , which potentially generates a unique environment to directly deliver and concentrate the effects of estradiol on eNOS. We do not know how estradiol stimulates eNOS. The data suggest that an estrogen receptor is involved, but it is unclear if the α, the β, or the recently identified truncated receptor is involved. Furthermore, we were unable to measure the effective local concentration of estradiol associated with the putative caveolae-signaling complex; however, it is presumably higher locally than would be expected if the estradiol was randomly distributed throughout the cells. Finally, the available data concerning estradiol stimulation of eNOS suggest that it occurs through a signal transduction mechanism that amplifies the initial input, which further suggests that all of the SR-BI and/or estrogen receptors need not be occupied to stimulate eNOS activity and muscle relaxation. Future studies will focus on the detailed molecular mechanisms that allow low concentrations of HDL and estradiol to stimulate eNOS.
Many studies have demonstrated that high plasma HDL levels correlate with a decreased risk of cardiovascular disease (14) (15) (16) and that women, before menopause, are afforded more protection than men (22) (23) (24) . Our data suggest that one mechanism which may contribute to the cardioprotection seen in premenopausal women is the delivery of HDL-associated estradiol directly to caveola-localized eNOS through SR-BI. A critical test of this hypothesis was done using HDL isolated from premenopausal women, postmenopausal women, and postmenopausal women receiving estrogen replacement therapy. In contrast to HDL isolated from premenopausal women, HDL isolated from postmenopausal women did not stimulate eNOS. The levels of estradiol in serum from the postmenopausal women were at the limit of detection and comparable to that of men (data not shown). This inability of HDL isolated from postmenopausal women to stimulate eNOS correlates with the increase in the risk of developing cardiovascular disease. However, HDL isolated from postmenopausal women receiving estrogen replacement therapy was able to stimulate eNOS, although to differing extents.
The current data are especially interesting because the HERS trial (41) documented that estrogen replacement therapy was not beneficial in preventing cardiovascular events in women with advanced atherosclerosis. Although the data demonstrate that replacement of estradiol in women with established atherosclerosis did not promote the regression of the lesions, it is unclear what estradiol may be doing in women before the establishment of lesions. The initiation of atherosclerotic lesion formation is complicated and involves multiple mechanisms, several of which can be influenced by nitric oxide. The current study demonstrates that in both humans and mice, estradiol replacement will allow HDL to associate with estradiol and that this HDL is able to stimulate eNOS. The mechanistic role of how estradiol may function in preventing the initiation and progression of atherosclerosis has not been extensively studied. In summary, our data provide a mechanistic outline of how HDL and estradiol may function together to decrease the initiation and progression of atherosclerosis.
